INTRODUCTION
============

Macrophages are the primary immune cells that respond to harmful stimuli and play a crucial role in host defense [@B024]. However, aberrant activation of macrophages has been reported to play pathogenic roles in inflammatory disorders such as rheumatoid arthritis, atherosclerosis, and sepsis. [@B016]. In pathologic conditions, abnormally activated macrophages produce excessive amount of various pro-inflammatory mediators such as NO and cytokines via NF-κB activation, which could lead to the aggravation of the conditions [@B010]. Lipopolysacharide (LPS), a component of the outer membrane of Gram-negative bacteria, is one of the most potent activators of macrophages [@B025]. LPS activation of macrophages results in a wide range of responses, including secretion of pro-inflammatory mediators, expression of adhesion molecules and coagulation factors, phagocytosis, and cytoskeletal rearrangement [@B028]. Therefore, suppression of aberrant activation of macrophages may have valuable therapeutic potential for the treatment of inflammation-related disorders.

Avicularin, quercetin-3-α-L-arabinofuranoside, is a glycoside of quercetin, which has been reported to possess a variety of biological properties such as anti-inflammatory, anti-allergic, anti-oxidant, hepatoprotective, and anti-tumor activities [@B008]; [@B029]. Although biological activities of quercetin, aglycone of avicularin, have been extensively examined, biological properties of avicularin itself was not fully examined. Avicularin has been reported to protect cardiomyocytes and hepatocytes against oxidative stress-induced apoptosis [@B014]; [@B015]. In addition, avicularin has been reported to play a protective role by inhibiting ureases, which are virulene factors implicated in the pathogenesis of many clinical conditions such as pyelonephritis and hepatic coma [@B026]. However, anti-inflammatory property of avicularin has not been reported. Furthermore, the underlying mechanism by which avicularin may exert the anti-inflammatory action has not been demonstrated. Avicularin has been reported to be present in many medicinal herbs including *Lespedeza cuneata* [@B015], *Lindera erythrocarpa* [@B014], and *Psidium guajava* [@B026]. Avicularin, isolated from *Rhododendron schlipenbachii*, was used in the present study [@B012].

The goal of this study was to provide a novel pharmacological agent that could suppress abnormally activated immune responses of macrophages by examining the anti-inflammatory activity of avicularin and its underlying mechanism in LPS-stimulated RAW264.7 macrophage cells.

MATERIALS AND METHODS
=====================

Reagents and cell culture
-------------------------

Bacterial lipopolysaccharide (LPS) from *Escherichia coli* serotype 055:B5 was purchased from Sigma-Aldrich (St. Louis, MO, USA). Avicularin was isolated and identified from the leaves of *Rhododendron schlipenbachii* [@B012] ([Fig. 1](#F001){ref-type="fig"}). The compound was dissolved in dimethyl sulfoxide (DMSO) and added to the cell culture at the desired concentrations. The macrophage RAW 264.7 cell line was maintained in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco BRL, Grand Island, NY, USA) containing 5% heat-inactivated fetal bovine serum and penicillin-streptomycin (Gibco BRL) at 37℃, 5% CO~2~. In all experiments, cells were incubated in the presence of the indicated concentration of avicularin before the addition of LPS (200 ng/ml).

Cell viability
--------------

Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The RAW 264.7 cells were seeded at 5×10^5^ cells per well and incubated with avicularin at various concentrations for 24 hr at 37℃. After incubation, MTT (0.5 mg/ml in PBS) was added to each well, and the cells were incubated for 3 hr at 37℃ and 5% CO~2~. The resulting formazan crystals were dissolved in dimethyl sulfoxide (DMSO). Absorbance was determined at 540 nm. The results were expressed as a percentage of surviving cells over control cells.

Nitrite quantification assay
----------------------------

The production of NO was estimated by measuring the amount of nitrite, a stable metabolite of NO, using the Griess reagent as described [@B019]. After avicularin-pretreated RAW 264.7 macrophage cells were stimulated with

![Chemical structure of avicularin.](ooomb4-20-532-g001){#F001}

LPS in 12-well plates for 24 hr, 100 μl of the cell supernatant was mixed with an equal volume of Griess reagent. Light absorbance was read at 540 nm. The results were expressed as a concentration of released NO from RAW 264.7 cells. To

![Avicularin significantly attenuated LPS-induced overproduction of NO (A) and PGE~2~ (B) in RAW 264.7 macrophage cells. RAW 264.7 cells were pretreated with various concentrations of avicularin for 1 hr before incubation with LPS (200 ng/ml) for 24 hr. (A) The amount of nitrite in the supernatants was measured using Griess reagent. Avicularin exhibited a significant suppression of LPS-induced NO production in a concentration-dependent manner. (B) To measure the amount of PGE~2~ secretion, culture media were subjected to PGE~2~ ELISA. PGE~2~ secretion was significantly suppressed with avicularin in a concentration-dependent manner. (C) Effect of avicularin on the viability of RAW 264.7 cells. No noticeable cell death was observed with avicularin concentrations used in the present study. The data are expressed as mean ± S.D. (n=3), and are representative of three or more independent experiments. \**p*\<0.05 and \*\**p*\<0.01 indicate statistically significant differences from treatment with LPS alone. ^\#\#^*p*\<0.01 indicates statistically significant difference between indicated groups.](ooomb4-20-532-g002){#F002}

prepare a standard curve, sodium nitrite was used to prepare a standard curve.

Western blot analysis
---------------------

The RAW 264.7 macrophage cells were pretreated with avicularin for 1 hr and then stimulated with LPS. Cells were washed with PBS and lysed in PRO-PREP lysis buffer (iNtRON Biotechnology, Seongnam, Korea). Equal amounts of protein were separated on 10% SDS-polyacrylamide gel. Proteins were transferred to Hypond PVDF membrane (Amersham Biosciences, Piscataway, NJ, USA) and blocked in 5% skim milk in TBST for 1 hr at room temperature. Specific antibodies against iNOS, COX-2, extracellular signal-regulated kinase (ERK), phosphorylated (p)-ERK, p38, p-p38, c-Jun N-terminal kinase (1:1,000; Cell signaling Technology), IκB-α (1:1,000; Santa Cruz Biotechnology Inc), and β-actin (1:2,500; Sigma) were diluted in 5% skim milk. After thoroughly washing with TBST, horseradish peroxidase-conjugated secondary antibodies were applied. The blots were developed by the enhanced chemiluminescence detection (Amersham Biosciences).

ELISA assay for cytokines
-------------------------

The RAW 264.7 macrophage cells were treated with avicularin in the absence or presence of LPS. After 24 hr incubation, TNF-α and IL-1β levels in culture media were quantified using monoclonal anti-TNF-α or IL-1β antibodies according to the manufacturer's instruction (R&D Systems).

![Avicularin significantly suppressed LPS-induced iNOS and COX-2 expressions in RAW 264.7 cells. (A) The cell lysates were subjected to SDS-PAGE, and then protein levels of iNOS and COX-2 were determined by Western blot analysis. (B) Quantitative analysis of iNOS and COX-2 expression was performed by densitometric analysis. The β-actin was used as an internal control. Avicularin significantly attenuated LPS-induced overexpression of iNOS and COX-2. Images are representative of three independent experiments that shows consistent results. \**p*\<0.05 and \*\**p*\<0.01 indicate statistically significant differences from treatment with LPS alone.](ooomb4-20-532-g003){#F003}

Statistical analysis
--------------------

All values shown in the figures are expressed as the mean ± SD obtained from at least three independent experiments. Statistical significance was analyzed by two-tailed Student's *t*-test. Data with values of *p*\<0.05 were considered as statistically significant. Single (^\*^ and \#) and double (^\*\*^ and \#\#) marks represent statistical significance in *p*\<0.05 and *p*\<0.01, respectively.

RESULTS
=======

Avicularin suppresses NO and PGE~2~ production in LPS-stimulated RAW 264.7 macrophage cells
-------------------------------------------------------------------------------------------

Excessive production of NO and PGE~2~ has been widely considered as a characteristic feature of pro-inflammatory condition of immune cells [@B023]; [@B019]. Therefore, suppressive effects of avicularin on NO and PGE~2~ production in LPS-stimulated RAW 264.7 macrophage cells were examined. Cells were incubated with indicated concentrations of avicularin for 1 hr prior to LPS treatment and, for NO

![Avicularin inhibited the release IL-1β (A), but not TNF-α (B) in LPS-stimulated RAW 264.7 macrophage cells. Cells were pretreated with the indicated concentrations of avicularin for 1 hr before LPS treatment (200 ng/ml), cell culture media were collected and subjected to TNF-α and IL-1β ELISA. Avicularin significantly attenuated LPS-induced IL-1β secretion, but did not affect on TNF-α. Data represent three independent experiments in triplicate and are expressed as mean ± SD. \**p*\<0.05 and \*\**p*\<0.01 indicate statistically significant differences from treatment with LPS alone. ^\#\#^*p*\<0.01 indicates statistically significant difference between indicated groups.](ooomb4-20-532-g004){#F004}

measurement, Griess reaction was used as an index for NO synthesis. As shown in [Fig. 2](#F002){ref-type="fig"}A, LPS markedly increased NO production in RAW 264.7 macrophage cells. Avicularin significantly inhibited NO production in LPS-stimulated RAW 264.7 cells in a concentration dependent manner ([Fig. 2](#F002){ref-type="fig"}A). Aavicularin significantly attenuated LPS-induced PGE~2~ production, which was measured with ELISA assay, in a concentration-dependent manner ([Fig. 2](#F002){ref-type="fig"}B). In addition, avicularin showed no noticeable cytotoxicity in concentration ranges ([Fig. 2](#F002){ref-type="fig"}C).

Avicularin inhibits LPS-induced protein expression of iNOS and COX-2
--------------------------------------------------------------------

As avicularin was found to inhibit LPS-induced NO and PGE~2~ production in RAW 264.7 cells ([Fig. 2](#F002){ref-type="fig"}), protein expression levels of iNOS and COX-2 with avicularin treatment were examined using Western blot analysis. LPS resulted in markedly increased expression of iNOS and COX-2 proteins and avicularin significantly suppressed their protein levels in a concentration-dependent manner ([Fig. 3](#F003){ref-type="fig"}), demonstrating that suppressed production of NO and PGE~2~ is due to decreased expression of their responsible proteins, iNOS and COX-2, respectively, with avicularin treatment.

Avicularin attenuates LPS-induced release of pro-inflammatory cytokine IL-1β
----------------------------------------------------------------------------

To examine the effects of avicularin on the pro-inflammatory cytokines such as TNF-α and IL-1β, production of these cytokines was examined using ELISA assay in LPS-stimulated RAW 264.7 cells. LPS treatment resulted in excessive extracellular release of TNF-α and IL-1β in RWA 264.7 cells. Avicularin significantly attenuated LPS-induced extracellular release of IL-1β ([Fig. 4](#F004){ref-type="fig"}A). However, avicularin has no effect on LPS-induced extracellular release of TNF-α ([Fig. 4](#F004){ref-type="fig"}B). Further studies are necessary to elucidate the differential role of

![Avicularin suppressed LPS-induced IκB-α degration in RAW 264.7 macrophage cells. (A) Total cell lysates obtained 15 min after the LPS stimulation were subjected to Western blotting to measure the levels of IκB-α degradation. (B) Quantification of IκB-α degradation was performed by densitometric analysis. The β-actin was used as an internal control. Data from triplicate determination are shown (mean ± S.D.). \**p*\<0.05 and \*\**p*\<0.01 indicate statistically significant differences from treatment with LPS alone.](ooomb4-20-532-g005){#F005}

avicularin on these pro-inflammatory cytokines.

Avicularin attenuates LPS-induced degradation of IKB
----------------------------------------------------

The transcription factor NF-κB has been demonstrated to be a predominant regulator of numerous pro-inflammatory genes and cytosolic NF-κB has to translocate to the nucleus for transcription of pro-inflammatory genes. IκB inhibits the nuclear translocation of NF-κB by sequestering NF-κB in the cytoplasm [@B031]; [@B023]. In the present

![Avicularin inhibited LPS-stimulated ERK signaling pathway in RAW 264.7 macrophage cells. RAW 264.7 cells were stimulated with 200 ng/ml LPS in the absence or presence of avicularin. (A) Western blot analysis was then performed to evaluate the activation of MAP kinases signaling pathways. (B) Ratio of phosphorylated forms to native forms was carried out by densitometric analysis. LPS-induced phosphorylation of ERK was significantly attenuated with aviculairn treatment, but phosphorylation of JNK and p38 was not decreased with avicularin treatment. Phosphorylation of MEK, upstream kinase of ERK, was accordingly attenuated with avicularin, suggesting that MEK/ERK might play an important role in the LPS-induced overactivation of RAW 264.7 cells. β-Actin was used as an internal control. Images are representative of three independent experiments that shows reproducible results. \**p*\<0.05 and \*\**p*\<0.01 indicate statistically significant differences from treatment with LPS alone.](ooomb4-20-532-g006){#F006}

study, whether avicularin inhibits LPS-induced degradation of cytosolic IκB was examined. LPS treatment resulted in noticeable degradation of IκB and avicularin significantly attenuated LPS-induced degradation of IκB in a concentration-dependent manner ([Fig. 5](#F005){ref-type="fig"}), suggesting that avicularin may suppress LPS-induced NF-κB activity in RAW 264.7 macrophage cells.

Avicularin attenuates LPS-induced phosphorylation of ERK
--------------------------------------------------------

To investigate the underlying mechanism by which avicularin exerts its anti-inflammatory property, possible involvement of MAP kinase signaling pathway was examined. The effect of avicularin on LPS-stimulated phosphorylation of JNK, ERK, and p38 kinase in RAW 264.7 macrophage cells was measured. Cells were pretreated with avicularin at various concentrations and then were treated with LPS (200 ng/ml) for 30 min. As shown in [Fig. 6](#F006){ref-type="fig"}, avicularin significantly suppressed the phosphorylation of ERK in a concentration-dependent manner in the LPS-stimulated RAW 264.7 cells. Furthermore, phosphorylation of MEK, upstream kinase of ERK, also significantly suppressed withn. However, no noticeable inhibitory effect was observed on the phosphorylation of JNK and p38. Although aviculairn significantly attenuated LPS-induced ERK phosphorylation, quercetin exhibited negligible effects on MAP kinases, suggesting that quercetin might modulate other signaling pathways to exert its anti-inflammatory properties. However, further studies are necessary to elucidate the exact mechanism by which quercetin exerts its anti-inflammatory effects in RAW 264.7 cells.

DISCUSSION
==========

The present study clearly demonstrated that avicularin possesses anti-inflammatory properties through the suppression of ERK signaling pathway in LPS-stimulated RAW 264.7 macrophage cells. Avicularin significantly suppressed LPS-induced overproduction of NO and PGE~2~ and expression of their responsible proteins, iNOS and COX-2, respectively. Avicularin also suppressed the secretion of pro-inflammatory cytokine IL-1β and significantly attenuated LPS-induced IκB degradation. Furthermore, avicularin significantly attenuated LPS-induced activation of ERK signaling pathway.

Avicularin, quercetin-3-α-L-arabinofuranoside, belongs to a group of flavonoid glycosides. Flavonoids have been extensively reported to possess a variety of biological activities including anti-inflammatory, anti-oxidant, anti-tumor, and neuroprotective actions [@B007]; [@B004]. Although significant amount of flavonoids has been identified to be present as glycosides in medicinal plants, determination of biological activities of flavonoids were mainly carried out with aglycones of flavonoids [@B013]; [@B002]; [@B006]. It has been previously demonstrated that aglycones of flavonoid glycosides exhibit more potent free radical scavenging activity than their glycosides [@B009]. The attenuated biological activities of glycosides might be attributed to the decreased intracellular transport of glycosides due to hydrophilicity of sugar residues. In accordance, it has been reported that even though some glycosides exhibited comparable antioxidant potentials in *in vitro* DPPH radical scavenging assay, they showed significantly attenuated biological activity such as NO suppression in a cell model of BV2 microglia [@B018], suggesting that hydrophilic sugar residues might cause decreased uptake of glycosides into cells. Accordingly, the present study showed that avicularin exhibited significantly attenuated biological activities compared to quercetin, aglycone of avicularin. It has been reported that glycosides are hydrolyzed to the aglycones by gycosidases in the intestines and the liver [@B001]. However, it has been also reported that types of sugar moiety determine the bioavailability of glycosides [@B003]. Further studies are necessary to clearly elucidate the effects of glycosidation on the biological activities of glycosides in terms of the position, degree, and types of sugar substitution.

Macrophages play essential roles in inflammation and mobilization of the host defense against bacterial infection [@B024]. However, aberrantly activated macrophages also play a key role in sepsis and other inflammation-related disorders by producing a wide variety of pro-inflammatory mediators [@B025]. It has been reported that macrophages mediate LPS-induced gene transcription through the binding of LPS to its membrane receptor, TLR4, and that LPS bound to TLR4 induces signal transduction pathways leading to the phosphorylation of kinases such as IκB kinases and MAPKs, which in turn activates various transcription factors including NF-κB and AP-1 families [@B022]; [@B005]. In accordance, the present study showed that LPS exhibited noticeable degradation of IκB, which indicates nuclear translocation of NF-κB. In addition, LPS resulted in ERK signaling pathway in RAW 264.7 cells. However, avicularin significantly abolished LPS-induced IκB degradation and ERK activation. Although avicularin inhibited LPS-induced extracellular secretion of IL-1β, it showed negligible effect on another key pro-inflammatory cytokine TNF-α. Interestingly, quercetin either did not affect LPS-induced TNF-α release. However, effects of avicularin on other pro-inflammatory cytokines and transcription factors other than NF-κB have not been examined. Therefore, further studies are necessary to clearly elucidate the effect of avicularin on wide range of cytokines and transcription factors, which are known to be implicated in inflammation.

NF-κB is an important transcription factor for pro-inflammatory mediators such as iNOS, IL-1β, and TNF-α [@B027]; [@B017] and inappropriate regulation of NF-κB and its downstream genes have been associated with various pathological conditions including cancer and autoimmune diseases [@B011]; [@B020]. It has been reported that LPS causes the nuclear translocation of p65 subunit of NF-κB through IκB degradation [@B021]; [@B030]. In accordance with these reports, the present study showed that avicularin significantly attenuated LPS-induced IκB degradation, which presumably prevents subsequent nuclear translocation of p65 in LPS-induced RAW 264.7 macrophages.

In conclusion, the results clearly demonstrate that avicularin exhibits anti-inflammatory activity such as suppression of NO and PGE~2~ production and cytokine release by presumably inhibiting nuclear transclocation of NF-κB in LPS-stimulated RAW 264.7 macrophage cells. The present study strongly suggests that avicularin might be a valuable therapeutic agent in the treatment of inflammation-related pathologies such as rheumatoid arthritis, atherosclerosis, and sepsis. However, further studies are necessary to clearly demonstrate the exact mechanism by which avicularin inhibits LPS-induced activation of ERK signaling pathway.
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